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SUMMARY PAGE

THE PROBLEM

To construct and test a system for the measurement of respiratory
tidal volume and respiratory rate that avoids the limitations and disadvan-
tages of the usual mouthpiece, face masks, and neck seals in a plethysmo-
graph.

FINDINGS

A respirometer based on the use of two pairs of magnetic coils placed
on the chest and abdomen, as described by Mead and co-workers, will re-
producibly measure tidal volume as well as respiratory rate.

APPLICATIONS

This system, at its present stage of development, can be used in the
laboratory for measurement of tidal volume and respiratory rate when the
use of mouthpieces, face masks, and neck seals is undesirable. By the use
of a miniature tape recorder and a pressureproof underwater housing, it
should be satisfactory for measurement of respiratory rate and tidal vol-
ume on SCUBA, Hoka, and hard-hat divers.

ADMINISTRATIVE INFORMATION

This investigation was conducted as part of In-House Work Unit Number MR011.01-
5000—Physiclogieal Limits in Saturation-Excursion Diving. The present report is No. 1
on that Work Unit. The manuscript was approved on 16 Jnne 1969 and the Report
designated as SubMedResLabh Memorandum Report Number 69-4,

PUBLISHED BY THE NAVAL SUBMARINE MEDICAL CENTER
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MAGNETOMETER RESPIROMETER FOR LABORATORY
AND DIVING STUDIES

INTRODUCTION

It has long been the desire of investigators
in respiratory physiology to be able to meas-
ure tidal volumes and respiratory rates si-
multaneously without the drawbacks of the
standard mouthpieces, face masks, and neck
seals in a plethysmograph. This is of special
interest for studies in diving physiology to
determine respiratory volumes on SCUBA,
Hoka, and hard hat divers and to be able to
measure changes in lung volumes during
breathhold diving. Mead, et al,' recently
published the design of a magnetometer res-
pirometer capable of measuring tidal volumes
and respiratory rate, This report is coneerned
with the utilization of this type of equip-
ment, introduction of some modifications, and
further development and testing of such 2
system for laboratory and diving studies.
The basic principle involved is that the mag-
netic field between two coils placed in front
and back of the thorax varies according to
the distance between the driver coil and the
pickup coil which changes during expansion
and compression of the chest. This measures
not only respiratory rate, but is also essen-
tially proportional to changes in lung volume.
The magnetometer described here has some
minor modifications of the original design by
Mead, et al. Moreover, repetitive tests were
performed at various tidal volumes (0.5, 1.0,
1.5, 2,0, 2.5, and 3.0 liters) in sitting and
supine positions,

The advantages of this type of a respirom-
eter are three-fold: 1) it need not, in final
form with a minature tape recorder, limit
the subject’s movement and activity signi-
ficantly; 2) it does not have nearly the de-
gree of conscious awareness and psycholo-
gical effect on respiration that mouthpieces,
masks, and neck seals do; 3) it is reasonably
comfortable and therefore suitable for pro-
longed measurement periods. Its main dis-
advantage is the requirement of calibration
with a water spirometer or other standard
for each individual subject each time the
magnetometers are placed on the body. This

procedure, plug time for calculations and
plotting of a calibration curve, requires time.
If magnetometers are taped to the chest,
shaving of hair may be desirable,

METHODS

The magnetometers were built- from the
wiring diagram of Mead, et al.,! with the ex-
ception of the coils. We used one 54 milli-
Henry (mH) coil for the abdominal channel
and two 54 mH coils in parallel for the tho-
racic channel (this gives 27 mH inductance

‘with half the impedance and thus doubles

the coil current and doubles the coupling
hetween the driver and pick-up coil). The

‘sensitivity is increased approximately ten-

fold. Capacitances were doubled (two in par-
allel in each thorax tank circuit) in the tho-
rax channel to further decrease parallel tank
impedance while maintaining the desired fre-
quency. Capacitanee values were then chosen
to tune tank circuits. However, actual fre-
quencies obtained after tuning were 1111
Hertz (Hz) for abdomen and 1887 Hz for
thorax channels.

The coils were held in place by pressure
from stretched one-quarter inch intermal di-
ameter rubber tubing and tape was used as
needed. The positions were as follows: the
driving coil of the thoracic pair of coils was
at the anterior midline of the chest, nipple
level; the pick-up coil was at the posterior
midline, nipple level; the abdominal driving
coil was on the umbilicus; the abdominal
pick-up coil was on the posterior midline at
the level of the umbilicus.

The abdominal and thoraecie signals were
sent into separate amplifiers, and the sum of
the outputs was passively put into a third
amplifier, with variable attenuation on the
thoracic signal for channel balance. The re-
cording required three channels (abdominal
component, thoraciec component, and summa-
tion or tida! volume). Balancing was accom-
plished by adjusting the summation poten-
tiometer while the subject voluntarily shifts
air back and forth from the rib cage to the




abdomen by relaxing and contracting the
muscles of the abdominal wall2, When bal-
anced properly a line that is straight, or
nearly so, will be seen on the summation
channel recording the sum of the outputs.
This iz done with the mouth closed and a
noseclip in place; it is an isovolume maneuver
and care must be taken to avoid changes due
to compression of gas in the chest,

RESULTS

After several preliminary tests with dif-
ferent coil placement, recording methods,
and summation procedures, the procedure de-
seribed in the methods section was utilized
on two subjects. It was decided that the best
way to check the accuracy of the magnetom-
eter system was to test its repeatability in
a calibration procedure with a water spi-
rometer (Godart Pulmotest). The subjects
breathed into the spirometer for eleven
breaths—ingpirations and expirations—with
the magnetometer connected. The subjects

attempted to reproduce tidal volumes of 0.5, -

1.0, 1.5, 2.0, 2.5, and 3.0 liters ambient tem-
perature pressure saturated (ATPS) all
eleven times. These values were premarked
on the spirometer paper so that the subject
could observe each breath as it occurred.

Since it was impossible to exactly reproduce
a tidal volume, it was decided to utilize the
ratio of spirometer volume in milliliters to
millimeters deflection of recorder pen for the
magnetometer summation for statistical eval-
uation. This ratio should be identical for
breaths of approximately equal size and
hopefully nearly equal or at least linear at all
tidal volumes from 0.5—8.0 liters. The 3.0
liter volume was not determined on subject
RW since it exceeded one-half of his vital
capacity of 4.96 liters body temperature pres-
sure saturated (BTPS). This value of one-
half of vital capacity was suggested by Mead,
et al.,* and it appears to be about the limit of
volume that can be repeated with accuracy
and comfort for the eleven times. Subject
BM had a 6-liter vital capacity.

Table I shows a summary of the calibra-
tion data for subject BM in the sitting posi-
tion. Note that the ratios are all in the same
order, but not identical. The per cent error
represents the standard deviation divided by
the mean ratio times 100. It is interesting
that the average ratio was 125 for both in-
spiration and expiration, the average stan-
dard deviation was 7.5, yielding a one stan-
dard deviation per cent error of 6.0% for
both inspiration and expiration.

TABLE 1
CALIBRATION OF MAGNETOMETER-RESPIRATOR
SUBJECT BM
Actual Magne-
Nominal Spirometer tometer
Breath Yolume Deflection Mean
Size (milliliters, {mm, Ratio Standard %
(liters) meanof11) meanof11) (ml/mm) Deviation Error

Sitting — 0.5 580 4.8 121 79 8.5
Inspiration 1.0 1030 8.4 123 7.2 5.9
1.5 1540 12.8 120 6.8 5.6
20 2010 16.8 128 6.0 47
2.5 2580 19.3 134 7.6 5.7
3.0 3020 24.0 126 9.4 7.4
Mean 125 7.5 6.0
Sitting — 0.5 580 B0 115 b6 4.9
Expiration 1.0 1030 8.3 126 7.9 6.3
15 1640 12.9 120 8.3 7.0
2.0 2020 16.7 129 6.6 6.1
2.5 2570 19.2 134 78 58
3.0 3020 24,2 125 8.8 7.0
Mean 126 7.5 6.0




The second table shows both sitting and
supine data for subject RW. The average of
the mean ratios were equal for inspiration
‘and expiration in each position, though they
differed between positions and from subject
BM’s values. The standard deviation means
were almost identical for inspiration and ex-
piration (3.7 and 3.6 sitting; 1.8 and 1.9
supine). Consequently, the mean per cent
errors were 4.2% for both ingpiration and
expiration of the gitting position, and 2.7%
and 2,.8% respectively for the supine run.

Figures 1 and 2 show calibration curves
of magnetometer deflection vs spirometer
breath size. The ranges of one standard devi-
ation are plotted on both the ordinate and
abscissa; they are calculated on the basis of
the one standard deviation per cent error for
each ratio and converted back to milliliters
volume or millimeters deflection. A conical
shaped area shows the range within one stan-
dard deviation. The standard deviation in-
creages with breath size, but the per cent
errors are fairly random.

TABLE II
CALIBRATION OF MAGNETOMETER-RESPIRATOR
SUBJECT RW
Actual
Spirometer Magne-
Nominal Volume tometer
Breath  (milliliters, Deflection Mean
Size means of (mm, Ratio Standard %
(liters) 11, ATPS) meauof11) (ml/mm) Deviation Error
Sitting — 0.5 5560 8.1 81 3.1 3.8
Ingpiration 1.0 1080 118 92 4.0 44
15 1630 18.8 84 26 3.1
2.0 2040 23.1 89 5.1 6.8
2.6 2620 294 89 2.6 29
Mean 87 8.7 4.2
Sitting — 0.5 550 8.5 79 44 5.6
Expiration 1.0 1080 117 92 3.3 35
1.5 1530 18.1 85 23 2.7
2.0 2060 23.0 20 5.6 6.3
2.5 2630 20.3 90 25 2.8
Mean 87 3.6 42
Supine — 0.6 630 11.5 66 1.1 2.1
Inspiration 1.0 1060 15.7 68 2.0 2.9
1.6 1600 244 65 18 2.7
2.0 2020 28.8 T0 2.0 2.8
2.5 2510 85.6 71 2.0 28
Mean 66 1.8 2.7
Supine — 0.5 620 11.4 55 1.6 28
Expiration 1.0 1060 15.5 68 1.6 2.2
1.5 1590 24.3 66 1.3 2.0
2.0 2020 28,5 71 2.9 4.0
2.5 2600 26.5 T 21 2.0
Mean b6 1.9 2.8
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Fig. 1. Calibration Curves of Magnetometer Deflec-

tion vs Spirometer Breath Size, Subject BM.

DISCUSSION

It is emphagized that balancing and ecali-
bration is done prior to use every time, The
thoracic and abdominal outputs must be bal-
anced during the isovolume shifting proce-
dure described earlier. If this is not done
properly, a change in relative importance of
thoracie and abdominal breathing by the sub-
ject will give completely unreliable data. This
would likely occur with change in breath size
or change in activity., Every time coils are
replaced on the subject the apparatus must
be rebalanced and new calibration data ob-
tained. The calibration varies according to
patient chest size, coil placement, body posi-
tion, supply voltage, circuit performance, re-
corder channel balance, and other artifacts.
This should be done in a body position as
nearly as possible to that likely for the an-
ticipated data collection, If several body po-
sitions are used during the experiment, some
compromise of accuracy is obviously neces-

gary. Under such circumstances we would"

suggest a much simpler calibration procedure
than described here; perhaps three or four
breaths at 0.5, 1.0, and 2.5 liters for normal
uge. Also, if it is to be used on a diver in the
water, the calibration should be done with
the subject immersed to the neck level. A
discharge of batteries will affect calibration,
but good batferies with a proper charge
should not affect calibration for a few hours.

We suspect that one reason for the in-
creased accuracy of the supine over the sit-
ting position in subject RW was a tighter coil

fit on the skin, resulting in a closer following
of the chest movement. Possibly his breath-
ing maneuver was also more reproducible in
the supine position. If is recommended to
shave off any hair and to use a flexible plastic
disc with adhesive on it such as Stomaceal
tape for coil attachment. Adhesgive tape
should be placed on top of the plastic dises.
Rubber straps may be required in some cases.
In diving studies, a wet suit jacket would
help fo keep the coils in place. This would
give a tighter fit and less rotation of coils
than the rubber tubing we utilized. It would
also have less psychological and physiological
influence on respiration than rubber chest
straps.

This instrument has the minor disadvan-
tage of requiring shaving of body hair for
best coil attachment and a more important
one of somewhat time consuming balancing
and calibration procedure. It ean be used as
described in the present state in the labora-
tory when mouthpieces and face masks are
objectional for any reason. By enclosing it
in a waterproof and pressureproof housing
with an external balancing control and a
miniature tape recorder, it could be used on
divers in the water.
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Fig. 2. Calibration Curves of Magnetometer Deflec-
tion vs Spirometer Breath Size, Subject RW,
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